This paper investigates the clinical significance of real-time monitoring of intrafractional prostate motion during external beam radiotherapy using a commercial 4D localization system. Intrafractional prostate motion was tracked during 8,660 treatment fractions for 236 patients. The following statistics were analyzed: 1) the percentage of fractions in which the prostate shifted 2-7 mm for a certain duration; 2) the proportion of the entire tracking time during which the prostate shifted 2-7 mm; and 3) the proportion of each minute in which the shift exceeded 2-7 mm. The ten patients exhibiting maximum intrafractional-motion patterns were analyzed separately. Our results showed that the percentage of fractions in which the prostate shifted by > 2, 3, 5, and 7 mm off the baseline in any direction for > 30 s was 56.8%, 27.2%, 4.6%, and 0.7% for intact prostate and 68.7%, 35.6%, 10.1%, and 1.8% for postprostatectomy patients, respectively. For the ten patients, these percentages were 91.3%, 72.4%, 36.3%, and 6%, respectively. The percentage of tracking time during which the prostate shifted > 2, 3, 5, and 7 mm was 27.8%, 10.7%, 1.6%, and 0.3%, respectively, and it was 56.2%, 33.7%, 11.2%, and 2.1%, respectively, for the ten patients. The percentage of tracking time for a > 3 mm posterior motion was four to five times higher than that in other directions. For treatments completed in 5 min (VMAT) and 10 min (IMRT), the proportion for the prostate to shift by > 3 mm was 4% and 12%, respectively. Although intrafractional prostate motion was generally small, caution should be taken for patients who exhibit frequent large intrafractional motion. For those patients, adjustment of patient positioning may be necessary or a larger treatment margin may be used. After the initial alignment, the likelihood of prostate motion increases with time. Therefore, it is favorable to use advanced techniques (e.g., VMAT) that require less delivery time in order to reduce the treatment uncertainty resulting from intrafractional prostate motion.
management of prostate cancer. An important issue in prostate radiotherapy is the toxicity of the rectum and bladder, which can be improved by the accurate localization of the treatment target and the reduction of the treatment margins. The displacement and deformation of the prostate and surrounding organs are important factors in the consideration of treatment margins for external radiotherapy of prostate cancer. (1) (2) (3) The effects of inter-and intrafractional motion and deformation of the treatment target during prostate radiotherapy have been investigated using various imaging techniques in order to develop practical margin recipes for commonly available treatment setup and target localization techniques. The application of advanced patient setup and online target location techniques allows for the use of smaller treatment margins to reduce normal tissue toxicities.
Many techniques, such as ultrasound, infrared cameras, X-ray imaging, in-room CT, kilovoltage and megavoltage cone-beam CT (CBCT), rectal balloon, and magnetic resonance imaging, have been used to investigate inter-and intrafractional prostate motion. (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) Translational and sometimes rotational adjustments can be made to the treatment target before the treatment is delivered. X-ray imaging has been used successfully to measure intrafractional motion, allowing for real-time target localization and tracking. However, patients will receive additional radiation due to repeated exposures, especially for long treatment procedures. The Calypso 4D localization system (Calypso Medical Technologies, Seattle, WA) uses miniaturized, nonionizing implanted fiducial devices, (16) (17) (18) which are electromagnetic transponders, called Beacons, to set up the patient efficiently and to track the location of the treatment target during external beam radiotherapy. This will allow for accurate localization of the treatment target both before and during the treatment, and real-time tracking of the target during treatment. The system has received 510K clearance from the U.S. Food and Drug Administration (FDA) for prostate and lung radiotherapy.
A number of investigations have been reported on the use of the Calypso system for prostate real-time tracking during external beam radiotherapy. (16) (17) (18) (19) (20) (21) (22) (23) (24) However, some early studies suffered either from a limited number of patients or from selected treatment fractions, which did not provide sufficiently large patient datasets for systematic analyses of intrafractional prostate motion patterns. For example, based on 550 Calypso records of 17 patients, Langen et al. (20) reported that the proportion per minute for the prostate to shift by > 5 mm was 6% at the 11th minute. However, for one patient, 100% of all 11th min intervals was spent at a displacement > 5 mm. It will be more useful to know what percentage of a regular patient population will exhibit such large prostate motion and benefit from real-time motion tracking. Based on the results of 35 patients, Kupelian et al. (18) reported that approximately 15% of fractions (83% of patients) exhibited a 5 mm shift for cumulative 30 s. However, detailed analyses showed that the majority of patients did not exhibit substantial prostate movements in any fractions, while some patients had up to 56% of fractions with > 5 mm shifts for > 30 s. It will be clinically important to identify such patients with substantial prostate movements and design "personalized" treatment strategies for them.
In our institution, both IMRT and VMAT have been applied in prostate radiotherapy, which requires different beam-on times to deliver the same prescription doses. It is expected that prostate treatments that require longer beam-on times will suffer more from intrafractional prostate motion if its effects cannot be corrected during treatments. We have been using the Calypso system for prostate treatment setup and intrafractional motion correction for several years. A large number of patients, who were treated with advanced radiotherapy techniques under Calypso 4D real-time monitoring, have been accrued. In this study, we analyzed a total of 8,660 treatment records from 236 Calypso patients who were treated for the tumor bed or the intact prostate with and without seminal vesicles, to investigate intrafractional prostate motion patterns. Ten prostate patients with the largest prostate displacement during the entire course of treatment were further analyzed to investigate the worst-case scenario and their prostate motion patterns are reported in detail.
II. MATERIALS AND METHODS

A. The Calypso 4D localization system
The Calypso system uses three electromagnetic transponders (Beacons) implanted in the prostate gland (or surrounding tissues for postprostatectomy patients) to facilitate treatment setup and target localization. A panel is positioned above the patient, which houses a magnetic array that induces the Beacons and accepts the resonance signals sent back by the Beacons, to allow for the detection and continuous monitoring of the locations of the three Beacons relative to the isocenter of the treatment machine, at a frequency of 10 Hz. In order to reduce the effects of prostate edema caused by the Beacon implantation and possible Beacon migration, CT scans were performed a week after the Beacon implantation. MR scans were used to facilitate target and critical structure delineation and they were performed before the Beacon implantation to avoid artifacts in the MR images caused by coils in the Beacons.
The Calypso system uses the centroid of the three Beacons to track the treatment target location during dose delivery, and it also reports changes in the relative Beacon positions in the initial treatment setup so that a judgment can be made as to whether a Beacon has migrated relative to the others or significant deformation has occurred. The prostate rotation information is also included in the treatment report, but it was not used in the target localization process because the treatment couch only allows for translational movements and there may be large uncertainties in the rotation angle calculation due to even minor Beacon migration and/or prostate deformation, which cannot be determined independently with the Calypso system. (25) During a treatment setup, the patient was first aligned with skin marks and lasers and then the Calypso system was used to precisely align the treatment plan isocenter (related to the centroid of the Beacons) with the machine isocenter by necessary couch shifts, which set the baseline position for the subsequent monitoring. Weekly CBCT was performed after the Calypso alignment to confirm the Beacon locations and their relationship to the prostate geometry to ensure the accuracy for prostate localization. The differences in the prostate anatomy and Beacon positions between the simulation CT and the CBCT were used to determine the migration of any Beacons and its effect on the relationship of the treatment plan isocenter and the centroid of the Beacons. The Calypso system allows the use of one or two Beacons to localize the target if any Beacons have migrated. The prostate localization accuracy for treatment setup was similar between the Calypso system and CBCT/Beacons (estimated to be 2 mm), while the strength of the Calypso system was to track the target movement during treatment.
Displacement of the treatment target (i.e., the centroid of the Beacons) relative to the baseline was continuously monitored during dose delivery, and treatment was interrupted if the displacement in any direction exceeded 5 mm. A couch shift was made to realign the patient back to the baseline position, and the treatment continued. In our institution, a 5 mm posterior margin was used to build the PTV, while an 8 mm margin was used for other directions for both intact prostate and prostatectomy patients. A 5 mm shift threshold was used in the realtime monitoring process to ensure the accurate dose delivery to the target, while the relative movement between the prostate (bed) and the seminal vesicles/lymphatics was considered by the 8 mm CTV to PTV margins. For all treatment fractions analyzed in this work, about 10% of the treatment fractions required realignment and, therefore, the recorded absolute centroid positions also included the applied couch shifts. For this study, the couch shift values for individual fractions were recovered to reproduce the actual prostate displacement data during the entire treatment periods without the prostate position intervention.
B. Patients and data analysis
A total of 8,660 Calypso treatment records from 236 patients who were treated with the segmental (i.e., step-and-shoot) IMRT technique were randomly selected. Among them, 200 were treated for intact prostates (total 7,738 treatment records) and 36 for postprostatectomy radiation (total 922 treatment records). For some patients, some treatment fractions were not monitored with the Calypso system due to its occasional downtime; instead, the treatment setup and target localization were guided with CBCT/Beacons. All treatments were carried out on two Varian Trilogy accelerators using 10 MV photon beams (Varian Medical Systems, Palo Alto, CA). For postprostatectomy patients, the prescription dose was 64-68 Gy, while for intact prostate patients, the prescription dose was 76-80 Gy to the prostate and proximal seminal vesicles and 56 Gy to the distal seminal vesicles and lymphatics, if included. All treatments were delivered at 2 Gy per fraction. The number of treatment records per patient ranged from 30 to 40; each recorded the prostate movement in three major directions (left-right, anterior-posterior, and inferior-superior) from completion of the treatment setup to the last beam-off during a treatment fraction. The treatment time as recorded for the 8,660 fractions lasted 3.8-25 min, and the average treatment time was about 8.0 ± 3.9 min (1 σ).
The implantation and simulation procedures have been published previously (26) and are briefly described below. Patients were instructed to come to all simulations and treatments with an empty rectum and a full bladder. All patients were simulated and treated in the supine position with a customized thermoplastic foam cast for immobilization and positioning. On the day of implantation, an MRI simulation was performed before the Beacon placement procedure. Three radiofrequency Beacons were implanted into the prostate (bed) under ultrasound guidance. One week later, a noncontrast CT simulation was obtained and the CT images were fused with the MR images. At simulation, the treatment isocenter was placed within the prostate (bed) and, guided by lasers aligned to the simulator isocenter, triangulation tattoos are marked on the skin surface. The treatment target, bladder, rectum, femoral head, and small bowel volumes were determined and contoured following the RTOG postoperative prostate volume guidelines. (27) The three Beacons were identified and contoured on the simulation CT and were designated right, left, and apex Beacons, according to their relative positions. The locations of the beacons on the simulation CT defined a baseline set of coordinates for the Calypso system to determine target isocenter shifts for daily localization and tracking.
In order to investigate the intrafractional prostate movement and its potential effects on IMRT and VMAT with different treatment durations, we analyzed the 8,660 Calypso treatment records according to the percentage of treatment fractions during which the prostate was displaced by more than 2, 3, 5 or 7 mm in any direction relative to the initial setup position for a cumulative time > 10 and > 30 s, respectively. Although we corrected the prostate location when its shift reached 5 mm, we have recovered the 7 mm shift information from our measured data to help understand the trend of the prostate movement, which may be useful to other investigators in their margin determination without the use of a real-time monitoring system. We also evaluated the intrafractional motion patterns based on the percentage of the total treatment time (including all treatment fractions) during which the prostate was displaced by more than 2, 3, 5 or 7 mm from its baseline position. Patients treated for prostate beds or intact prostates were analyzed separately. As previous investigations have reported that 4%-5% of prostate patients exhibited significant intrafractional prostate motion, we further analyzed ten prostate patients with the largest prostate displacement during the entire course of treatment to investigate the worst-case scenario. Finally, we analyzed the trends of intrafractional prostate displacement as a function of treatment time after completion of the treatment setup, and the number of fractions during which significant prostate displacements in any direction occurred in the first minute. Statistical analysis was performed for the measured movements. The mean and standard deviation of the mean (SEM) were calculated and the results were expressed as mean ± SEM. To determine if there was a significant difference between different groups, Student's t-test was used and a p-value, p ≤ 0.05, was considered to be statistically significant.
III. RESULTS
A. Qualitative observations
The intrafractional prostate movements were generally small (i.e., < 2 mm), but could be substantial (e.g., > 5 mm) for a small number of patients. From the 8,660 Calypso records, we observed the main trends of intrafractional prostate movement such as occasional fast shifts (e.g., due to muscle contraction, within seconds), short-term shifts (e.g., due to gas passage, within several to tens of seconds), continuous displacement (e.g., due to rectal/bladder filling), and the combination of various movements. The least movement occurred in the lateral direction, and the anterior and superior shifts were often occasional or short-term due to gas passage and sometimes correlated with each other. The posterior and inferior displacements generally occurred together, and were often continuous, slow movements, which were likely caused by bladder filling.
B. Intrafractional motion vs. time
We first investigated the prostate intrafractional displacement as a function of treatment time for the entire patient population studied in this work. Figure 1 shows the percentage of the time when the prostate shifted > 2, 3, 5, and 7 mm during each minute after treatment setup for the entire treatment duration. It is evident that by the fifth minute, the proportion for the prostate to shift > 3 mm was 10% (per minute), while by the tenth minute the proportion for the prostate to shift > 3 mm exceeded 20% (per minute). Figure 2 shows the percentage of treatment time for the prostate to displace > 2, 3, 5, and 7 mm for treatment fractions that were completed within 5, 6, and up to 20 min after the treatment setup. The percentage of the accumulated time for the prostate to shift > 3 mm over the total treatment time was 4% if the treatment was completed within 5 min, and this percentage increased to 12% for all treatment fractions that were completed within 10 min. However, it was also observed that, for some treatment fractions, the prostate started substantial drifts almost immediately after the treatment setup; among the 8,660 treatment fractions studied there were 951, 269, 59, and 21 fractions during which the prostate shifted by > 2, 3, 5, and 7 mm for longer than 10 s, respectively, within the first minute. There were 39 fractions during which the prostate shifted > 3 mm within seconds after the therapist pressed the button to set the baseline, while there were 14 fractions during which the prostate shifted > 5 mm within 30 s after the baseline was set. Fig. 1 . The proportion of each minute in which the prostate displacement was more than 2, 3, 5, or 7 mm in any direction. For this plot, the prostate displacement for the first, second, and each of the subsequent minutes from all tracking fractions was analyzed separately.
C. Intrafractional motion vs. direction
We then investigated the intrafractional motion in individual directions. Table 1 shows the percentage of the total treatment time during which the treatment target (i.e., the centroid of the Beacons) shifted > 2, 3, 5, and 7 mm in each direction including the maximum, the minimum, the average, and the standard deviation for the 8,660 treatment records. It is evident that there was little movement in the left and right directions. The most significant displacement was in the posterior direction; the cumulative time of the posterior displacement for > 3 mm was 6.4% of the total treatment time, while it was 1.7%, 1.5%, and 1.3%, respectively, in the superior, inferior, and anterior directions. From Table 1 it can be seen that, for some patients, the target intrafractional motion was > 5 mm in the posterior direction for the entire treatment time (the maximum is 100%), while it was more than 7 mm in the superior and anterior directions for almost 80% of the treatment duration (the maximum is 79.3%). It should be mentioned that any intrafractional displacements > 5 mm were corrected by couch adjustments during the treatment at our institution with the use of the Calypso system. The results shown here are the actual target intrafractional movements with the couch adjustments recovered and edited out. 
D. Intact prostate vs. prostate bed
Because of the difference in the anatomical structure, patients with intact prostates are expected to show different intrafractional movements compared to those who received postprostatectomy radiotherapy. The data in Table 2 For some patients, the intrafractional displacement was slow and continuous while, for others, it was random and transitional. It would be useful to know whether shorter treatment times are beneficial for some patients, or larger treatment margins are required for others. Our results showed that for patients with intact prostates, the percentage of the total treatment time during which the prostate shifted by more than 2, 3, 5, and 7 mm was 27.0%, 10.1%, 1.4%, and 0.2%, respectively, while for postprostatectomy patients this percentage increased to 34.0%, 14.7%, 2.7%, and 0.6%, respectively (Table 3 ). This means that the prostate intrafractional motion is generally small for this patient population as a whole. For the ten patients whose prostate displacement was the largest, however, the percentages were 56.2%, 33.7%, 11.2%, and 2.1%, respectively, which certainly deserves special attention in the determination of margin recipes for treatments with shorter beam-on times and fewer fractions. Table 4 shows the percentage of fractions and percentage of the entire treatment time during which the target shifted substantially for a certain duration for the ten worst patients; all of them showed > 5 mm target shifts in more than 30% of their fractions. A detailed investigation also revealed that all of them exhibited > 3 mm drifts in most fractions during the first week and > 5 mm drifts in at least 2 fractions during the first two weeks (results not shown). 
IV. DISCUSSION
In this work, a total of 8,660 treatment records were analyzed, which represented the largest amount of intrafractional motion data ever published in the literature as far as we know. Therefore, it would be interesting to compare our findings with those published previously by other investigators. Our results showed that the percentages of fractions during which the prostate targets shifted by > 3 mm and > 5 mm for a cumulative time > 30 s were 27% and 5%, respectively, which were less than those reported by Kupelian et al. (18) (41% and 15%, respectively) based on 1,157 Calypso records of 35 patients for intact prostate patients. They also reported that about 1 in 12 fractions required realignment of the patient after the prostate moved by more than 5 mm. In our work, we found that about one in ten intact prostate patients and one in five postprostatectomy patients required realignment after they exhibited > 5 mm shifts. Our proportion for the prostate to shift by > 3 mm was 10% at the fifth minute and 20% at the tenth minute, while the corresponding results reported by Langen et al. (20) based on 550 Calypso records of 17 patients were one in eight and one in four, respectively. The percentage of time for the prostate to shift > 3 mm and > 5 mm in our work was 10.7% and 1.6% for both intact prostate and postprostatectomy patients, respectively, which was slightly less than the percentages reported by Li et al. (19) based on 775 Calypso records of 105 patients (13.4% and 1.8%, respectively). Other techniques (9, 11, 14, 15) have been used to investigate intrafractional prostate motion and most reported intrafraction motion with respect to maximum displacements and their standard deviations within a small number of patients. For instance, Padhani et al. (14) reported ≥ 5 mm anterior-posterior displacements in 29% of 7 min cine MR scans for 55 patients, and Malone et al. (15) reported ≥ 4 mm vertical displacements in 8% and ≥ 4 mm longitudinal displacements in 23% of the fractions for 28 patients, using fluoroscopy and implanted markers. As pointed out by Kupelian et al., (18) however, the time factor (i.e., how long the prostate remains beyond a certain threshold) is probably important, because some displacements might be short-lived and clinically inconsequential. Only continuous, real-time motion data can provide such information. It is reasonable to assume that prostate intrafractional motion generally increases with the treatment time and therefore advanced treatment techniques that employ shorter times to deliver the same prescription doses would be more advantageous. Based on the data of this study, by the fifth minute the accumulated time for the prostate to shift by > 3 mm was 10% of the observation time (per minute) for the entire patient population investigated in this work. In contrast, the accumulated time for the prostate to move > 3 mm by the tenth minute after the Calypso setup exceeded 20% of the observation time (per minute). In our institution, both IMRT and RapidArc have been used for prostate treatments. However, only IMRT was used for Calypso patients because the IMRT delivery could be resumed after the interruption of the treatment to reset the isocenter, while early versions of the RapidArc did not allow for the continuation of an arc if it was stopped during the delivery. Based on the analysis of 20 RapidArc patients treated in our institution, the average beam-on time was 2.57 min (at least two arcs were used in our prostate treatment planning to ensure the quality of the treatment plans, and the beam-on time was the total duration from the beginning of the first arc to the end of the second arc).
Together with the additional imaging time to check the Calypso setup (e.g., weekly validation of the relative Beacon's locations to the treatment anatomy) and the time for the therapists to walk out of the room and initiate the treatment, the entire RapidArc delivery can be completed in 5 min for most RapidArc patients. For IMRT treatments, the average beam-on time (from the beginning of the first MLC field to the end of the last MLC field) was 6.49 min for up to 9 gantry angles/ports without carriage shifts (based on the IMRT patients investigated in this work). Together with the additional imaging for setup validation and the time for the therapists to walk out of the room and initiate the treatment, most of these IMRT treatments could be completed in 10 min. For IMRT patients with 10-18 MLC fields (mostly due to large fields that had to be split into two on the Varian accelerator and required a carriage shift) the average beam-on time increased to 10.78 min and many treatments would need 13-15 min to complete routinely. This indicates that the cumulative time for the prostate to move > 3 mm for IMRT patients would be more than twice as that for RapidArc patients (both were treated on the Varian accelerators and planned on the Varian Eclipse treatment planning system). Interestingly, we also observed substantial prostate drifts of > 3 mm in 269 fractions and > 5 mm in 59 fractions within the first minute after the treatment setup, which occurred randomly among patients. These were likely due to the patient's physiological and psychological preparations/adjustments for the treatment (e.g., muscle relaxation, position adjustments, rectal gas release after the therapists left the room). Therefore, it may be useful to observe the prostate displacement for 1 min after the treatment setup and then decide whether or not to begin dose delivery, especially if the beam-on time is only a few minutes, which may be affected even more by short-term prostate displacements (e.g., those caused by gas passage).
Since the minimal (posterior) margin used in this work to build the PTV was 5 mm, a 5 mm shift threshold was used during treatment delivery and the isocenter location was reset if the prostate shifted by 5 mm in any direction. For the ten patients who exhibited the largest prostate displacements, the percentage of time for the prostate to shift > 5 mm was 11.2%. This implies that, during this time, a part of the prostate CTV would have been outside of the intended treatment volume if we had not reset the treatment isocenter based on real-time monitoring. Since many prostate patients presented demonstrable disease in the peripheral zone, significant underdosing could result from long periods of time when the prostate gland moved out of the planned dose distribution for some of those fractions. Our results showed that the accumulated time for the prostate to shift posteriorly by > 5 mm was much longer than that in other directions, which was consistent with previous findings. (21, 24) For the ten patients who exhibited most prostate displacements in this work, the percentage of cumulative time for the prostate to shift > 5 mm was 7.4%; the dose received by the posterior portion of the prostate was as low as 1.6 Gy instead of the planned 2 Gy for some of the worst fractions. These results were consistent with the reports of Chen et al. (28) who reconstructed the dose distributions of prostate patients based on CT-on-rails images taken before and after IMRT treatments.
It is worth noting that although the majority of our Calypso patients did not exhibit clinically significant prostate intrafractional motion during the entire treatment course, this was only confirmed with the use of the Calypso system (i.e., one could not tell which patient would exhibit large intrafractional prostate displacement without actually monitoring it with the Calypso system). On the other hand, it could be more efficient to use the Calypso system for the first one or two weeks to identify those patients who might exhibit large intrafractional motion frequently and to continue applying real-time monitoring only if it might bring practical benefits. An alternative method to identify the small group of patients who often have large prostate intrafractional motion may be to perform CBCT scans before and after the radiation delivery for one or two weeks, then apply different margin recipes to those patients if large intrafractional displacements are observed. (9) Finally, it should be mentioned that we only analyzed the prostate intrafractional movements in the six major directions, which were monitored and corrected using translational couch movements if they were greater than the preset (5 mm) thresholds. Due to abdominal pressure, the filling of the bladder and/or rectum, and other factors, the prostate may deform or rotate during the course of the treatment. The Calypso system reported the changes of relative Beacon locations, which might be caused by prostate deformation and/or Beacon migration, and the prostate rotation angles, which might be greatly affected by the relative Beacon locations. (25) Prostate rotations were not corrected because of the limited couch movements. The effects of the prostate intrafractional deformation and rotation were not included in this work, and will be explored in future studies.
V. CONCLUSIONS
The intrafractional displacement of the prostate is very small (< 2 mm) for most patients, but some patients may exhibit either frequent or continuous substantial (> 5 mm) prostate movement, which will require large treatment margins to ensure accurate dose delivery. The Calypso real-time localization system has been used for precise treatment setup and to reduce the effects of intrafractional motion with preset intervention thresholds; the treatment can be interrupted and the effects of the prostate displacement can be corrected by couch shifts. Some patients may show short-term shifts immediately after the treatment setup. As the treatment time increases, the intrafractional prostate displacement will generally increase. Therefore, the treatment margins may be set based on the treatment time required to complete the dose delivery. Some advanced techniques such as VMAT/RapidArc may be favorable in this regard to reduce the treatment time needed for the same prescription doses.
